Metallic nanoparticles are a very attractive and fascinating material due to their multifunctional properties, such as surface plasmon resonance absorption and excitation band tuning. In particular, these properties are proved to be valuable in photothermal therapeutic applications, where the tunable, efficient near-field enhanced ablation or photothermal energy conversions can be used to destroy cancerous cells. A similar mechanism can be applied for threedimensional multilayer nanopatterning of polymer matrix doped with NPs, where the field enhancement and photothermal energy conversion are utilised to produce micro-explosions and voids. Previously, it was reported that engineering the morphology of nanoparticles (rod and shell shape) can greatly enhance the field enhancement and photothermal conditions. Here, we numerically study the field enhancement efficiencies of nanparticles with heterogeneous morphologies (such as metal -dielectric -metal core-shell structures), and compare their efficiencies to conventional nanosphere and nanoshell structures. Unlike the previous approximate analytical models, the SPR excitation and field enhancement efficiencies are numerically simulated, using the frequency-dependent finite-difference time domain method under tightly focused ultrashort pulse laser irradiation to accurately emulate the experimental conditions.
INTRODUCTION
Surface plasmon resonance (SPR) is an active area of research in near-field nano-photonics and has many potential applications such as sensing, photodynamic therapy, optical circuits, and high resolution microscopy [1] [2] [3] [4] [5] [6] [7] [8] . The SPR phenomenon can be observed when a planar or focused light is incident on the surface of metal at a specific boundary condition. In metallic nanoparticles (NPs) the SPR conditions are more size and geometry dependent. Their easy SPR absorption and excitation band tuning covering wavelength ranges from the ultraviolet to optical communication in NIR, provide much more freedom in engineering plasmonic devices [7, 8] . In addition, metallic NPs provide highly localized SPR effect, which could be used in enhanced surface ablation or photo-thermal energy conversions as an active or passive heat sensitizer. Until now, the morphological variation resulted rod, cube, core-shell and other structures, and each specific shape has their own merits in certain applications. In this paper, we characterize the highly localized nearfield SPR enhancement in metal-dielectric-metal hetero nanoparticle structure and compare it with conventional sphere and shell structures using finite-difference time domain (FDTD) technique.
The SPR excitation in NPs can be rigorously simulated by the well-known Maxwell's electromagnetic (EM) coupling equations with known boundary conditions. There are several numerical methods of solving for EM fields for any arbitrary geometry, such as Green's function method [9] , the multiple multipole method [10] , and the finite-difference time domain (FDTD) technique [11] . In particular the FDTD method has been attracting interests as a time-domain computational solution of Maxwell equations. The FDTD method has also been widely used for analyzing the EM phenomena in all range of frequencies from microwave to x-ray optics, and in various applications such as near-field optics [12, 13] , photonic crystal [14] and lasing [15] , optical tweezer [16] , scattering from cells [17] , optical storage [18] , and diffractive optics [19] . Here, we utilize two dimensional frequency-dependent FDTD method to characterize the absorption and near-field enhancement of hetero-structured gold-dielectric NP structures. This could be useful in photothermal applications or low threshold surface ablations.
FREQUENCY-DEPENDENT FDTD
The FDTD method, as one of most powerful computational methods in EMs, has been widely used to model the wave propagation, scattering, and radiation since it was first introduced by Yee [20] in 1966. The EM problems can be solved by integrating the following Maxwell's differential equations for an arbitrary geometry in two-dimensional (2D) space.
The space is divided into small units called Yee cells. Complex dielectric constants are assigned to each cell for given materials. The FDTD method calculates the EM fields in each cell by integrating the Maxwell's equations in a "leapfrog" procedure until the steady state is reached. In the case of a sinusoidal plane wave excitation source, the steady state is reached when all scattered fields vary sinusoidally in time. In order to obtain an accurate field distribution for a 2D object, the cell size must be much less than the size of relevant features because the FDTD algorithm is stable only if ( )
, where u ∆ is the size of a cubic cell and c is the speed of light. In our case we used the cell size of 2 nm and the extremely short time step [21, 22] . Recent advances have extended the use of FDTD to the treatment of materials with frequency-dependent, complex dielectric constants. Up to now, three major frequency-dependent FDTD methods have been proposed: piecewise-linear recursive convolution (PLRC) [23, 24] , auxiliary differential equation (ADE) [25] , and Z-transform [26] . In this paper we used the PLRC method using Eq. (2). The optical properties of real metals are generally characterized by this frequency-dependent dielectric permittivity and the time-domain electric flux density ( )
D t r
. It is related to the time-domain electric field intensity ( ) E t r by the convolution.
where the susceptibility ( ) χ τ is the inverse Fourier transform of ( ) The complex dielectric function is critical to the optical properties of metal-dielectric system. For noble metals, it can generally be described by Lorentz-Drude (LD) [27] model with the intra-band (free-electron) effects and inter-band (bound-electron) effects. A complicated function like Eq. (3) for the dielectric dispersion of Au material can be adopted to approximate the measured dielectric function over a wide wavelength range.
where p ω denotes the plasma frequency and j Γ means the damping coefficients at the resonance frequencies j f of a metal material. However, in the frequency range of interest (photon energy of 0.82 ~ 4.5 eV), a Drude [28] model is easier to describe and simple to calculate the complex dielectric response of Au. From the experimentally obtained n-k relation we can calculate the following frequency-dependent optical constants Figure 1 shows the calculated frequency-dependent complex dielectric function, AC conductivity σ(ω), reflectance R(ω) , plasma frequency ω p (ω), and damping coefficient Γ(ω) with respect to the wavelength variation from the experimentally obtained n-k values of Au material [29] .
The 2D Maxwell equations decouple into two polarization sets: the TM set, 
Equation (5) is substituted into Eq. (1) with a tightly focused ultrashort pulsed Gaussian beam following the Eq. of
where, the where t 0 is the pulse duration, τ w is the pulse width, f is the focal length, D x is the aperture diameter of the objective lens, w 0 is the full width half maximum (FWHM) value of the incident Gaussian beam, k (=2π/λ) is the wave number, m is the iteration number, and erf is the error function [30] .
For absorbing boundary conditions (ABCs) in order to truncate the FDTD computational domain on dispersive media we employed Berenger's highly effective ABC, the perfectly matched layer (PML), which gives zero reflection at the absorbing boundary for all frequencies and all angles of incidence [31] . For the TM case, if H y is known, then E x and E z can be calculated at the cross-sectional plane of the FDTD grid. Using plane wave propagation techniques, all the field components can be determined at a plane of interest well past the FDTD computational grid. To analyze the frequency response of the FDTD simulation results we can simply take the far-field Fourier transform of the E-field for all the time-domain data at every point of interest. This can be done by the equation
where f m is the frequency of interest and t T is the final time step number of the FDTD iteration. This Eq. (6) can be divided into its real and imaginary parts. From these results we can determine the amplitude and phase information at the frequency f m . The Poynting vector S r is given by . To obtain the total energy flow inside a region of interest we integrated all the directions of the Poynting flow and the given excited pulsed time periods including the focalized region. case of the frequency-dependent FDTD, the absorption quantity Q abs is defined by the integrated energy including the metal NPs divided by their volume or area fraction.
SIMULATION RESULTS
Figure 2(a) shows the z-directional Poynting energy was propagated tightly focused Gaussian pulsed beam with the excitation wavelength of 780nm and high numerical aperture objective lens of 1.4 (oil) inside a polymer matrix. For accurate comparison of each metal NP structures we used the same maximum diameter of 40 nm. The hetero structures are composed of the Au or hollow core of diameter 20 nm, SiO 2 inner shell with the thickness of 12 nm, and the Au outer shell with the thickness of 8 nm, respectively. To obtain the absorbance and enhanced near-field strength, we calculated the different shaped single NP structures with respect to different wavelength ranges covering from 400 nm to near infra-red wavelength of ~ 900 nm with wavelength steps of 5 nm. Figure 3 shows the obtained absorbance and maximum enhanced near-field SPR extinction efficiency of a single nano-sphere and hetero structures results from our frequency-dependent FDTD calculation and Poynting energy theorem under a Gaussian pulsed plane wave excitation condition. The near-field SPR enhancement factor Q nf,max was defined by the ratio of the maximum SPR Polymer matrix, n = 1.5
Au sphere energy value divided by the maximum energy value of the incident Gaussian pulsed beam we could easily obtain the absorbed energy ratio of the random distributed NPs. Figure 3 . The calculated absorbance (a) and near-field SPR enhanced extinctions of (b) a single nano-sphere with the diameter of 40 nm, (c) Au-SiO 2 -Au heterostructure with the radius of 10 nm, 16 nm, and 20 nm, respectively, and (d) Au-SiO 2 -Hollow core structure from our frequency-dependent FDTD calculation under a Gaussian pulsed plane wave excitation condition.
As can be seen in the Fig. 3(a) the SPR-band matched absorption peak was found at 520 nm in case of the single Au nanosphere with the diameter of 20 nm. This result was well matched with Mie calculation and experimentally obtained absorbance data as well. The hetero-structured Au-SiO 2 -Hollow core and Au-SiO 2 -Au show the SPR peaks at the 780 nm and 1020 nm, respectively. In SPR absorption and excitation band engineering point of view, the SPR peak is very important for excitation source selection and conversion efficiency decision for spontaneous near-field enhancement energy and photo-thermal effect of the metallic NP doped system. To model and apply a practical experimental condition, we assumed that the tightly focused (NA1.4, oil immersion) ultrashort pulsed laser irradiation condition with the wavelength of 780 nm and same positioned 1 or 2 particles concentration inside the focal volume were assigned in our frequency-dependent FDTD simulation. Figure 4 shows the frequency-dependent FDTD simulation results under the tightly focused ultrashort pulse laser excitation and their extracted heat source distribution resulted from the absorbed energy of the random distributed metal NPs inside a polymer matrix. From the FDTD simulation result, we could notice and extract the enhanced localized near-field SPR maximum factor exactly. Because we assumed the maximum energy of the tightly focused Gaussian beam one, we could get the total-sum absorbed energy ratio of 0.02910:0.08980:0.02688=1:3.0859:9.2371=Au:Au-SiO 2 -Au:Au-SiO 2 -Hollow. From the SPR absorption band matched Au-SiO 2 -Hollow structure, we could get the enhanced absorbance of at least 9-folds than the Au nanosphere only case. Such enhancement in heterostructures are thought to be due to the metal shell-metal core resonant plasmon coupling [ 7] .
Since the field enhancement shown in Fig. 3 and 4 are highly localised within the nanoparticle structures, it is possible to induce localised surface ablation and deformation of nanoparticle shape even below the melting temperature of Au. Previously, Plech et. al. [32] have observed the surface ablation of nanospheres even at moderate pump pulse energies. Such ablation is supposed to be an extremely fast process (~ ps regime), which occurs before the thermalization of energy to the lattice of gold. The applications that could benefit from such highly localised fields are photodynamic cancer therapy and micro-void explosions in polymer. In photodynamic therapy, the surface ablation could be used to produce shock wave which could destroy the cells near-by. In void generations, again surface ablation could drive the micro-explosions. Both processes could benefit from low threshold power, due to highly localised SPR induced nearfield enhancement. Further experimental studies are under way to test the feasibility of such applications.
CONCLUSION
We have simulated the SPR induced enhanced near-field strengths at various nanoparticle structures -metal nanosphere and heterogeneous morphologies (such as metal -dielectric -metal core-shell structures), and compared their efficiencies to determine suitable shape factors required for near-field enhanced surface ablation applications. Unlike the previous approximate analytical models, the SPR excitation and consequently near-field enhancement efficiencies are numerically simulated, using the frequency-dependent FDTD method under tightly focused ultrashort pulse laser irradiation to accurately emulate the experimental conditions. The calculated SPR absorbance results from our frequency-depended FDTD and Poynting energy theorem is well matched with the experimentally obtained data. The Au-SiO2-Au hetero-structure is found to be most efficient in near-field enhancement. Such enhancement could be due to the metal shell-core plasmon coupling. Further optimization of such structures is needed for future application. The nearfield enhancement could be applied in photodynamic therapy and micro-explosions, where low threshold ablations are needed.
